Benefit of physical activity in prevention of aneurysmal subarachnoid hemorrhage (SAH) is unclear. We aimed to clarify this by studying how different types of physical activity associate with SAH risk. Aneurysmal subarachnoid hemorrhage (SAH) has remained a serious disease with a case fatality of approximately 40% 1, 2 . In development of SAH, lifestyle risk factors play the main role 3 . The risk factors include smoking, hypertension, increasing age, and possibly adverse lipid profile and female sex [4] [5] [6] [7] [8] [9] . Leisure-time physical activity (LTPA) protects against ischemic stroke 10,11 but only few studies exist on SAH and physical activity [12] [13] [14] [15] [16] [17] [18] [19] with inconsistent results. Recently, a study 19 combining all physical activity types suggested that high overall physical activity elevates SAH risk. However, the study did not differentiate associations by physical activity type, even though these types may associate differently with cardiovascular diseases 10 . Our aim was to study whether LTPA, commuting physical activity (CPA), and occupational physical activity (OPA) decrease SAH risk and whether the effects distinct by different types of physical activities.
age groups, and remained the same after OPA and CPA were included in the model. The protective association of every 30-minute increase in weekly exercise was stronger among smokers (0.88, 0.81-0.96) and ex-smokers (0.93, 0.86-1.03) in comparison with never-smokers (p = 0.04) (Fig. 1 ). In line with this, smokers with less than 90 minutes of LTPA per week had a relative excess risk (RERI) of 2.03 (0.10-3.96). www.nature.com/scientificreports www.nature.com/scientificreports/ According to the PAF analysis, a weekly rise in LTPA from 0 to >90 minutes among inactive smokers associated with, 11% decrease in smokers' SAH events. In comparison, the same analysis showed that diminishing hypertension in smokers associated with similar magnitude of 9% decrease in SAHs.
CPA. Active commuter (≥30 minutes per day) had reduced SAH risk when compared to those who used motorized transport. This reduced risk persisted until participants reached retirement age (Fig. 2) . The SAH risk associated with smoking decreased in active commuters when compared to the low-CPA group (Fig. 3) . Similarly, an increase in SBP (standard deviation increase of 21.4 mmHg) did not associate with SAH risk in active commuters (Fig. 4) .
OPA. In contrast to LTPA and CPA, an adjusted model including both sexes showed that moderate OPA elevated SAH risk and high OPA may elevate SAH risk (Table 2) . In subgroup analysis, moderate OPA was associated with elevated SAH risk only among female smokers. In this group of women, an additive interaction emerged between female heavy smokers (over 10 cigarettes per day) and moderate OPA with RERI of 2.92 (0. 30-5.53 ). Moreover, every SD increase (21.4 mmHg) in SBP was associated with elevated SAH risk in individuals doing physical work (high-and moderate-OPA groups) but not in the low-OPA group.
Competing risks analysis. When weekly LTPA in minutes was divided into quartiles, SAH risk decreased with increasing physical activity also in presence of competing risk of death ( Supplementary Fig. 1 ). No differences in HRs emerged between sudden-death SAH and hospitalized SAH patients in any physical activity category.
Discussion
Every 30-minute increase in weekly LTPA, such as brisk walking, swimming, cycling, or jogging, associated with 5% reduced SAH risk in both men and women. In theory, by increasing LTPA by up to 5 hours a week, one could reduce the risk of SAH by 40%. The protective association of LTPA remained the same not only in all age groups but also in all SBP groups, suggesting that presence of SAH risk factors does not cancel out the protective www.nature.com/scientificreports www.nature.com/scientificreports/ association of LTPA. Interestingly, the protective association of LTPA was even stronger among ex-smokers and smokers. In fact, smokers with less than 90 minutes of LTPA per week had a relative excess SAH risk of 203%. Thus, motivating smokers to be physically more active, not only quitting smoking, may be both a new and a promising approach in preventing SAH.
Similar to LTPA, high commuting activity, often by foot or by bicycle, associated with reduced SAH risk in men and women and this association persisted until retirement age. Interestingly, smoking and hypertension, the most important SAH risk factors 5, 6 , increased the risk of SAH less in individuals with moderate or high CPA than in individuals with low CPA. In other words, similar to LTPA, CPA may counteract the hazardous effects of smoking and hypertension. The reasons behind the potential protective effect of LTPA and CPA remain speculative but aerobic physical activity reduces systemic inflammation 20 and can also reduce inflammation in intracranial vessel walls 21 . Our finding on LTPA and CPA are further supported by studies on myocardial infarction and physical activity that have shown a decreased risk in high LTPA 10, 11 and CPA 11 groups. Moderate OPA (work including much walking but not lifting heavy objects) and high OPA (work that includes much walking and frequent lifting of heavy objects or climbing stairs) associated with elevated SAH risk when compared to office work (low OPA). These findings are also consistent with studies on myocardial infarct and stroke 10, 22, 23 . The reasons behind elevated SAH risk in moderate and high OPA groups may relate to different health behavior regarding hypertension and smoking in different OPA groups as our results to some extent suggest. Other explanations include residual confounding from inaccurate SES-variable, or an unknown work-related external risk factor. In terms of the high-OPA, the elevated risk may also stem in part from differences in health effects between high OPA and high LTPA 23 . One possible explanation for harmful effects of OPA in SAH risk may be the different nature of physical activities. LTPA and CPA are relatively short term aerobic cardiovascular exercises, whereas OPA may be more long term and consists more often of lifting of weights, thus resembling anaerobic weight training. The prolonged physical stress in high OPA group may thus become harmful if the workload surpasses the limits of individual's cardiorespiratory system and may even act as trigger of cardiovascular diseases 22, 24 . Therefore, also cardiovascular effects between LTPA, CPA and OPA may differ. However, in our observational study we can only speculate the possible causal mechanisms between OPA and SAH and further intervention studies on this topic is needed. www.nature.com/scientificreports www.nature.com/scientificreports/ A recent study 19 suggested that when OPA, CPA, and LTPA were combined into a continuous variable of MET hours per day, high physical activity (>33 MET hours) elevated SAH risk. The 33 MET hours correspond to ~4.5 hours of jogging (LTPA) per day, whereas people in moderate and high OPA groups reach 33 MET hours during a normal working day. Therefore, the elevated SAH risk observed in the Japanese study 19 may reflect elevated SAH risk in the moderate and high OPA groups -not harmful effects of physical activity per se.
To our knowledge, only two studies on physical activity and SAH exist that include sudden deaths from SAH and control properly for confounding factors 16, 17 . The current study is an update of a study by Hu et al. 17 published in 2005 and describes similar results. Our updated data set includes a longer follow-up, more participants, more physical activity variables, and twice as many first-ever SAH cases, thus providing more detailed, reliable, and novel results. A Norwegian study 16 found no association between physical activity and SAH in an analysis including 108 SAHs, although their HR trends for physical activity were similar to ours.
Because association of physical activity with SAH seems less strong when compared to classical SAH risk factors, namely smoking and hypertension, the number of SAHs needs to be relatively high when studying physical activity.
The study may have a few strengths. We analyzed physical activity in three different types of activity categories, enabling us to perform the most detailed analysis of physical activity and SAH to date. The follow-up of up to 40 years is one of the longest among cardiovascular risk factor studies 25 . The relatively large number (543) of first-ever SAH cases enabled reliable subgroup analyses. Our prospective set-up reduced the risk of informational bias and reverse causality. Our analysis included SES, the known risk factors of SAH, and outside-hospital deaths from SAH with high diagnostic accuracy 26 . The majority of physical activity studies [12] [13] [14] [15] 18 have not included the substantial fraction of SAH patients dying suddenly outside hospitals. Though sudden-death SAH individuals have worse risk-factor profiles than do hospitalized SAH patients 27 , we found no differential effect of any physical activity categories on the two types of outcome. As the Finnish incidence of SAH does not differ from the incidence found in other countries reporting reliable (autopsy reports included) incidence rates 28 , our results may be generalizable at least to other Caucasian populations.
The study has also limitations. Even though our positive predictive value for aneurysmal SAHs was high, our dataset is likely to include small proportion of non-aneurysmal SAHs (perimesencephalic bleed, arteriovenous malformation, fistula, tumor, or trauma related SAHs). However, given the high positive predictive value of aneurysmal SAH diagnoses, and lack of robust association between physical activity and these non-aneurysmal SAHs, they are unlikely to have major contribution to our results. Our study is observational and strong inference about causality cannot be made. Participants' risk factor profiles were collected at enrolment, and therefore changes in risk factors during the follow-up have evidently taken place. However, we were able to take into account the changing effects of CPA during follow-up; other variables did not show strong evidence of changes. We measured physical activity by questionnaire, and responses are prone to recall and reporting bias. However, our questionnaire has been validated against accelerometer 29 and mortality and morbidity data 11 . Our questionnaire-measured physical activity correlates well with mortality and morbidity whereas the correlation with accelerometer-measured physical activity revealed a moderate correlation. In accelerometer study, physical activity was consistently over-reported in the questionnaires 29 , suggesting that our results likely underestimate the potential benefits of LTPA and CPA.
In conclusion, increases in leisure-time and commuting physical activity are likely to reduce SAH incidence in all age-and SBP groups and especially among smokers. Increasing commuting and leisure time physical activity could be a novel non-invasive preventive method for reducing the rupture risk of intracranial aneurysms. However, intervention studies are needed to confirm this. The reasons and mechanisms for elevated SAH risk in those doing strenuous physical work remain to be studied.
Methods
Previous studies describe the research protocol in detail 1, 5, 25 . The National FINRISK Surveys, conducted every five years since 1972, collected data on independent, population-based, random samples of adults from various geographical areas of Finland. The participation rate in FINRISK surveys in the 70's and 80's was >90% and 80% and has remained over 60% in all surveys 25 . The questionnaire measured physical activity in three main domains of daily activity: CPA, OPA, and LTPA. The analysis of CPA and OPA included only those who were employed. Supplemental Methods describes the data collection, physical activity, and other variables in detail. The local ethics committees at the University of Helsinki and Helsinki University Hospital gave approval for each FINRISK survey in accordance with legislation pertinent to the time of the survey. The World Medical Association's Declaration of Helsinki on ethical principles for medical research also guided the studies. Each participant provided oral informed consent between 1972 and 1997, whereas from 2002 onwards, participants also gave a written informed consent 25 . SAH identification and definition. Follow-up started at enrolment and ended at first-ever SAH, death, or on December 31, 2014, whichever came first. The follow-up was complete for deaths and hospitalization when the subject was resident in Finland; those moving abroad were censored at the time of emigration 1 . The nationwide Hospital Discharge Register and Causes of Death Register identified nonfatal and fatal SAHs with high accuracy 30 . Sudden deaths from SAH occurred away from hospitals, in an ambulance, or emergency room and were confirmed in forensic autopsy, medical autopsy, or with clinical or radiological examinations (spinal tap and/or computer tomography), or both. Externally validated positive predictive value of overall aneurysmal SAH diagnoses was 87%, whereas it was 97% for sudden-death aneurysmal SAHs 30 . The strengthening the Reporting of Observational studies in Epidemiology (STROBE) statement 31 guided the reporting.
